ABSTRACT: Fibroblasts get significant involvement in cancer development and progression. In this work, a microfluidic non-contact co-culture platform has been presented to investigate interactions between tumor cells and normal fibroblasts. Human lung fibroblast (HLF) and lung carcinoma cell line (A549) were introduced in neighbouring, separated, regions under well-controlled laminar flows. Communication could be established through soluble factors. Invasion capabilities of both HLF and A549 were mutually enhanced remarkably. Moreover, HLF activation was recognized by more expression of α-smooth muscle actin (α-SMA), implying tumor cells might facilitate the transdiffernentiation of normal fibroblasts in a paracrine fashion to obtain a more supportive microenvironment. This in situ analysis of cells communication experiencing paracrine pathway gives us new insight into cellular events and anti-tumor therapy.
INTRODUCTION
Tumor cells live in a complex microenvironment including extracellular matrix (ECM), fibroblasts, immune cells, and endothelial cells, and blood vessels and proteins produced (Karlou et al., 2010) . Fibroblasts synthesize extracellular matrix (ECM) components to form the structural framework of tumor microenvironment. In normal conditions fibroblasts are quiescent. Fibroblasts can get activated, known as carcinoma-associated fibroblasts (CAFs), and could support tumor epithelial growth, invasion (Bhowmick et al., 2004) . Normal fibroblasts have mostly been accepted to have a more passive role in cancer. Some researchers have compared effect of normal fibroblasts with that of CAFs on tumor cells and demonstrated that the former inhibit cancer progression (Silzle et al., 2004 , Kuperwasser et al., 2004 . However, other researchers found out that normal fibroblasts could induce tumor growth (Hao et al., 2013 , Tripathi et al., 2012 , Ma et al., 2010 and quiescent fibroblasts can get activated and may be key regulators of paracrine signaling during cancer progress (Lorusso & Rugg, 2008) . Therefore, it is necessary to understand the mechanism between normal fibroblasts and tumor for personalized targeted anticancer therapies.
Traditional cell co-culture methods for studying cell-cell communications are limited in culture dishes and Transwell assay, which could not avoid drawbacks of complicated manual operations, and large consumption of reagents. Microfluidic chips can integrate various experimental operations on a single device and mimic in-vivo microenvironment (Mehling & Tay, 2014) . Over past decade, considerable progress has been made for culturing cells with microfluidic chips (Nie et al., 2007 , Bischel et al., 2014 . Xie et al. has reported a microchip that achieves co-culture and made a ''wound'' by removing a narrow barrier after cell seeding (Xie et al., 2011) . This device could coculture different types of cells. But physical removal of the cell monolayer could damage the cells, and thus could affect the detected result of cell migration. Businaro et al. realized an on-chip model consisted of two center end-closed channels to investigate interactions between cancer and immune system (Businaro et al., 2013) . This model elucidated the reciprocal interactions between heterogeneous but was difficult to process. Besides, typical cell-cell communication can be classified into direct and indirect contact modes (Orimo et al., 2005 
MATERIALS AND METHODS

Design and fabrication of the microfluidic coculture device
Schematic of the microfluidic device is shown in Figure 1a . It is composed of polydimethylsiloxane (PDMS) layer and glass substrate. The top layer contained three inlet channels (300 µm × 100 µm × 5 mm, width × height × length) that converged into a main channel (900 µm × 100 µm × 5 mm ,width × height × length). As shown in Figure 1b , different streams in the main microchannel could form continuous parallel flow.
The upper layer was fabricated with PDMS (Silgard 184, Dow Corning, USA), following a wellestablished replica molding process. A mold with micrometer-sized structures was prepared by standard soft lithography. A mixture of PDMS under instruction was poured onto the mold at 85°C for 45 min. After cooling, the cured PDMS layer with the desired structures was gently peeled off from the mold and punched to form inlets and an outlet. Then, PDMS was bonded to the glass slide after oxygen plasma treatment for 50 s. Before being used, the device was sterilized with 70% (v/v) ethanol for 1h and exposed to UV lights for 30 min. 
Cell culture
A549 were purchased from ATCC and HLF were kindly offered by Dr. Yimin Zhu (Suzhou Institute of Nano-Tech and Nano-Bionics, CAS, China). These cells were grown in RPMI-1640 (Hyclone Corp., USA) supplemented with 10% (v/v) fetal bovine serum (FBS; Hyclone Corp., USA), 100 U/ml penicillin and 100 U/ml streptomycin. A culture incubator with humidified atmosphere of 5% CO2 and 37℃ was used for cell culture. Before the experiment, cells were harvested using 0.25% trypsin/EDTA (Hyclone Corp., USA) when reached 70-80% confluence and gently resuspended in cell culture medium.
Cell viability assay
Prior to co-culture study, cell viability assay was performed with two specific fluorescent probes, Hoechst 33342 (Molecular Probes, Solarbio Corp., China) and propidium iodide (PI, Molecular Probes, Solarbio Corp., China). We introduced 5 µg/ml of each reagent into the main channel and incubated at 4 ℃ for 20 min, then imaged with an inverted fluorescent microscope (Nikon Ti-Eclipse, Japan). Cell viability was statistically quantified by proportion of living cells to total cells from several optional fields.
Cell migration on the microfluidic co-culture device
In order to investigate how fibroblasts and tumor cells interact, images were captured to record cells positions every 4 hours with an inverted microscope (Olympus CKX41-A32PH, Japan) after HLF and A549 were compartmentalized into opposite sides of the main channel. The migration distance is defined as the average length of all cells migrating into space between two compartments statistically.
Immunocytochemistry and fluorescence imaging
To identify whether HLF was activated, expression of α-SMA in HLF was recognized by an immunofluorescent technique. After 2 days coculture, cells were fixed in 4% paraformaldehyde for 20 min, rinsed twice in PBS and permeabilized in 0.25% Triton X-100 for 15 min. After three washes in PBS, nonspecific hybridization was blocked in 5% Bovine Serum Albumin (BSA) for 40 min at 37 ℃ . Cells were immunostained with primary antibody (mouse anti-a-SMA, Boster Corp., China) at 1: 200 overnight. Next day, it was incubated with secondary antibody (FITC labeled goat antimouse IgG, Boster Corp., China) at 1:46 dilution for 50 min. After washing in PBS, it was incubated with 5 µg/ml Hoechst 33342 staining nucleus for 20 min. Images were taken with an inverted fluorescent microscope (Nikon Ti-Eclipse, Japan).
Statistical analysis
All these experiments were replicated three or more independent times and data were presented as mean ± standard deviation (SD). Comparisons with controls were carried out using Student's t-test. P<0.05 was considered statistically significant.
RESULTS AND DISCUSSION
Seeding and indirectly co-culturing HLF and A549 in the microfluidic device
In this work, a unique microfluidic non-contact coculture device was developed for studying of interactions between tumor cells and fibroblasts (Fig.  1d) . Before cell seeding, rhodamine B, PBS solution and blue ink were respectively introduced from different inlets to confirm laminar flow formation inside the microchannel (Fig. 1e) . The three streams showed clear linear boundaries, indicating that the laminar flow was stably formed. 3µl HLF (5x10 6 cells/ml) and 3µl A549 (5x10 6 cells/ml) were separately and simultaneously pipetted into the microchannels from inlet A and C, while 6µl cell culture medium without cells was loaded from inlet B. Due to pressure differences creating by gravitational forces from fluid level discrepancy between inlets and outlet, Cells flowed into the channel stably. Cells went straightly along the channel, automatically forming a blank area to separate HLF and A549 (Fig. 1f) as expected in Figure 1c . As a result, a blank area with a clear surface was gently formed between heterotypic cells, facilitating to observe cell behavior in real time. With this device, different types of cells are able to be co-cultured in an indirect contact manner for further studies in cellular biology. The edges of different compartments were neat without debris, and the size of the blank area for cells migration assay can be accurately adjusted by controlling the amount of reagents from inlets.
Cell viability in the microchannels
Viabilities of HLF and A549 were tested on the device after 2 days, which were performed through Hoechst 33342 and PI staining. As shown in Figure. 2, few dead cells (red) were among the vast majority of living cells (blue), indicating that entire cells in the microchannels maintained high viabilities after 48 hours (>90% live cells). This could demonstrate feasibility of the device for further cellular assay. 
Cell morphology on the co-culture device
Based on the laminar flow in the microchannel, HLF and A549 were successfully seeded into the microfluidic device and non-contact co-cultured for a certain time. The device was placed in a culture incubator. After 24 hours, morphological characterization of cells was assessed using inverted microscope (Fig. 3) . Homogeneous cells of HLF-HLF and A549-A549 were used as control groups. Compared to control groups, HLF co-cultured with A549 became non-uniform, getting more protrusions stretching out largely along the direction of A549, similar to the results reported by Qin (Ma et al., 2010) . Protrusions, termed pseudopods, are specialized cellular structures containing an array of different proteins (Insall, 2010) . These extension structures are the prerequisite for maintenance of cell motility, which can be induced by growth factors and chemokines (Friedl & Wolf, 2003) . It is accepted that activated fibroblasts typically contain contractile stress fibers with inhomogenous polarized size to synthesize large amounts of ECM constituents (Cirri & Chiarugi, 2012) . The morphological change of HLF here was conductive to progression and metastasis of tumor cells, implying that HLF might be activated and get stronger capability of invasion in the presence of A549. Considering these different cells were separated on the substrate, there were no cell communication relying on contact, hinting that chemical signals coordinated communication between HLF and A549. 
Migrations of fibroblasts and tumor cells on the co-culture device
Total cell migration including cell proliferation of HLF and A549 were analyzed by tracking cells migrating every 4 hours. In suit phase contrast imaging showed that cell migrations were distinct in three groups (Fig.4) . Obviously, migration distances of both fibroblasts and tumor cells increased under the co-culture condition. Cells moved steady in the HLF-HLF control group and reached about 75.77 µm after 24 hours. However, in the HLF-A549 coculture model, the average migration distance of HLF finally was approximately 115.28 µm, which was significantly larger than that of control (p<0.05). Similarly, migration of A549 was remarkably increased about 1.53 folds after 24 hours when cocultured with HLF (p<0.05) (Fig. 5) . The migration distance, implied that HLF located beside A549 could get activated to increase invasion ability. These conformed to the morphological change of HLF referred before. The increased invasion and proliferation of A549 suggested that normal fibroblasts might play a vital role in tumor progression through paracrine cytokines. This may seem contrary to the statements that benign fibroblasts suppress tumorigenesis. However, there was clearly communication between these two compartments and there seemed to be a grade of fibroblasts that can be activated to support tumor development. In the present study, we have successfully shown micro-scale cell migration assay by seeding cells paralleled in microfluidic channels. 
Transdifferentiation of fibroblasts in co-culture with tumor cells
Transdifferentiation of fibroblasts has been found in the process of tumor growth and this is an attribution to malignancy (Cat et al., 2006) . Fibroblasts can transdifferentiated into activated fibroblasts, a main source of CAFs. CAFs are considered to regulate tumor progression through cell-cell contacts and paracrine fashion . Here, HLF transdifferentiation was furthered characterized after 48 hours culture. Activated fibroblasts were identified by expression of α-SMA. As illustrated in Figure 6 , α-SMA, was highly up-regulated in the HLF-A549 co-cultured group. However, only mild α-SMA expression was detected in the culture of HLF alone (HLF-HLF). Some researchers have showed that activated fibroblasts appear higher expression of α-SMA, associated with greater invasive capacity compared to normal fibroblasts (Hinz B1, 2001 ). Expression of α-SMA is closely correlated to various types of cell motility. The transdifferentiation of fibroblasts into myofibroblasts via indirect contact might be modulated by tumor cell-derived cytokines and further denoted that tumor cells can indirectly stimulate fibroblasts and change their function to create a more survivable microenvironment. The invasion and progress of both tumor cells and CAF are reinforced. Figure 6 . Transdifferentiation of HLF. α-SMA (green fluorescence) was used to identify the activation of normal fibroblasts and nucleus was stained by Hoechst 33342 (blue fluorescence). HLF could express more α-SMA after 2 days coculture with A549 (green fluorescence). Scale bar = 50 µm.
CONCLUSIONS
We have accomplished in suit and label-free analysis of interactions between tumor cells and normal fibroblasts to elucidate the mechanism of cancer cell progression for improved cancer therapy. We have presented a microfluidic device with a novel approach, well-controlled laminar flow, allowing two types of cells non-contacted as gentle aspiration and only experiencing paracrine interactions with limited amounts of reagents. Activation of HLF was explored after co-cultured with A549 with more secreting of α-SMA. Tumor cell invasion induced by α-SMA positive fibroblasts can be quantified by measuring cell migration distance. Tumor cells could alter the characteristics of adjacent stromal cells through paracrine signaling to create a supportive microenvironment intimately associated with tumor growth and metastasis. Therefore, targeting stromal cells against the influence of tumor cells might work as strategies for anti-invasion cancer therapies. This non-contact co-culture system would be applicable for analysis of cellular events between fibroblasts and tumor cells. In addition, compartmentalization of multiple heterotypic cells in microfluidic channels can be realized to mimic the sophisticated tumor microenvironment for analyzing cancer invasion mechanism and testing anti-invasion therapeutics.
